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a b s t r a c t
There are many 3D printing technologies available, and each technology has its strength and weakness.
The 3D printing of sand moulds, by binder jetting technology for rapid casting, plays a vital role in
providing a better value for the more than 5000 years old casting industry by producing quality and
economic sand moulds. The parts of the mould assembly can be manufactured by precisely controlling
the process parameters and the gas producible materials within the printed mould. A functional mould
can be manufactured with the required gas permeability, strength, and heat absorption characteristics,
and hence the process ensures a high success rate of quality castings with an optimised design for weight
reduction. It overcomes many of the limitations in traditional mould design with a very limited number
of parts in the mould assembly. A variety of powders, of different particle size or shape, and bonding
materials can be used to change the thermal and physical properties of the mould and hence provide
possibilities for casting a broad range of alloys. Limited studies have been carried out to understand the
relationship between the characteristics of the printed mould, the materials used, and the processing
parameters for making the mould. These deﬁciencies need to be addressed to support the numerical
simulation of a designed part, to optimise the success rate and for economic as well as environmental
reasons. Commonly used binders in this process, e.g. furan resins, are carcinogenic or hazardous, and
hence there is a vital need for developing new or improved bonding materials.
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1. Introduction
A deﬁnition of additive manufacturing (AM) has been given as
“process of joiningmaterials tomakeparts from3Dmodel data, usually
layer upon layer, as opposed to subtractive manufacturing and forma-
tive manufacturing methodologies” [1]. AM began as a method for
design engineers to realise design concepts without heavily invest-
ing in the subsequent manufacturing processes. Advancements in
∗ Corresponding author.
E-mail addresses: tharmalingam.sivarupan@ensam.eu, ktsrupan@gmail.com
(T. Sivarupan).
Rapid Prototyping (RP) enabled the conversion of parametric CAD
(computer aided design) data to physical prototypes which could
be tested to check if they met the design criteria. This saved not
only time but also allowed the testing of multiple models [2]. Since
then, its applications have expanded into the aerospace industry,
medicine, architecture and more. This expansion has been aided by
the wide-scale development and innovation in additive manufac-
turingprocesses.As theaccuracyand theversatilityof theprocesses
improve, the focus of the industry is shifting from Rapid Proto-
typing to ‘Rapid Manufacturing’ i.e. the process of manufacturing
complete parts from a rapid prototyping device [3,4]. Wohlers [4]
states that machines must allow the production of ﬁnished parts
and an improvement in materials for better penetration of rapid
Table 1
The 3D printed sand mould for casting and their production method, properties, and applications.
Ref. Powder Particle size Suitable binder Properties
achieved (3PB)
Heat treatment Application
[14,15] Plaster-ceramic composite Zb56 464K(190◦ C) for
4–8h
Casting non-ferrous metals
[16] Chromite Furan or phenol
[17–19] Silica, 140/190/250m Furan 250–300 Ncm−2 No heat treatment
required
Casting non-ferrous metals
[18,19] Silica 140/190/250m Phenolic (hot hardening) 250–500 Ncm−2 Casting ferrous metals
[16] Zircon Furan
[16] Chromite Heavy duty grey iron and
steel
[16] Ceramic Beads Furan Including steel alloys
casting, sand cores
manufacturing in the new markets. This can be seen in the variety
of processes that fall under the umbrella of rapid casting which use
AM based technology to aid investment and sand casting processes
[5]. These include Selective Laser Sintering, Laminated ObjectMan-
ufacturing, Fused Deposition Modelling, Stereo lithography and
especially, the 3D printing (3DP) process to produce sand cores,
patterns, shells and entiremould assemblies for sand casting appli-
cations. The interest in rapid casting using AM has increased with
the general increase in interest and industrial proliferation of AM,
as can be seen in Table 1.
Recently, 3DP has gained prominence as a rapid casting pro-
cess which is a cost-effective [5] and relatively fast method capable
of working with a wide variety of materials and post treatment
processes [7,8]. 3DP, based on the inkjet printing technology, was
developed at Massachusetts Institute of Technology (MIT) [9–11]
and licensed to six companies. Since then the process has beenused
for the production of ceramics, metal parts with copper inﬁltra-
tion and then polymer moulds for patterns in rapid casting. The
process is similar to other powder-based processes and uses an
inkjet printer head to spray the binder onto the job box (the build
platform). The process begins with a ﬁne layer of sand, pre-mixed
with the activator, distributed on the job box surface by the re-
coater and followed by spraying binder in the selected area of the
job-box plane, according to each slice (cross section) of the part
to be printed. As the bonding reaction takes place, the sand par-
ticles stick together only within the region where the binder was
sprayed;the other region is covered by loose sand. The platform
moves downward by a set distance (layer thickness), and the pro-
cess repeats until all of the slices of the part are completely printed
and a ﬁnal sand layer is spread. Fig. 2 shows a schematic of the
process. Recently, companies such as ExOneTM, VoxeljetTM, and
ZCorpTM have expanded this system to produce sand moulds using
binder jetting technology. Thus,while theprocess has beenused for
rapid tooling, its application in the ﬁeld of manufacturing of sand
moulds for direct casting is rather new and unexplored, Fig. 1(b-
the green colour plot). However, this application is imperative, not
limited to, for small volume production of complex parts as it offers
signiﬁcant advantages such as large reductions in the lead time for
the design ofmoulds, easy integration of cores and gating system in
the design ofmold assembly, and production of partswith complex
internal geometries. Amongst all the rapid tooling andmanufactur-
ing processes, this makes the most sense for quick integration into
existing industries as it can produce high quality and complex sand
moulds with the required properties for a better casting solution
within a short time frame [12]. Furthermore, compared to the tra-
ditional sand mould making process, binder jetting can produce
optimised part designs for weight reduction up to 33% without los-
ing the engineering requirement of the component [13]. This has
been possible due to the vast body of knowledge relating to sand
casting and the evolution of cast parts .
Fig. 1. Classiﬁcationof thenumberof scientiﬁcpublicationappearedduring the searchwith theparticular set of keywords in the Scopusdatabase (June2017,withpermission)
[6], showing the growing trend in the research of (a) additive manufacturing/3D printing as well as (b-in green) 3D sand mold printing. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. A diagram of the binder jetting process, e.g. 3D sand mould printing. Acid
mixed sand is spread by the recoater on the build platform and then the print head
inkjets the binder according to each slice, cross-sectional area, of the part to be
printed before it moves downwards and the process continues until the last slice is
printed.
The existing open literature related to 3D sand mold printing
has been classiﬁed in the following categories.√
Mould properties and its effect on the cast metal.√
Design accuracy and capability.√
Material Systems and the issues in the3Dprinting technology.
Let’s ﬁrst discuss the production of sand moulds and their prop-
erties, and then the effect of the various types of the moulds on the
casting outcome.
2. Mould properties and their effect on the cast metal
There are many types of sand, binder, and activator systems are
being used to produce 3Dprinted sandmoulds, for a variety of alloy
casting applications with the required properties, Table 1. Organic
binders used for 3D printing can produce toxic gases during cast-
ing and hence are not environmentally friendly [20], even though
they better serve the industry. Also, it is found that furan poses a
health risk to the operators as it is a possible human carcinogen
[21]. There is a vital need for alternative binders. A low gas emis-
sion silicate binder is available in the market especially for the 3D
sand mould printing, and this needs to be studied further [22]. The
properties of sand moulds produced by the 3D printers can be con-
trolled by numerous factors during the printing and or curing cycle
(for phenolic or ZCast
®
moulds). These properties are affected by
the characteristics of the sand, the concentration and the type of
binder and activator, printing speed (powder recoating speed) [17],
job-box co-ordinate and build-orientation of the specimen printed
[17,23], and layer [8,24] thickness. It hasbeen found thatdecreasing
the layer thickness and increasing the binder saturation improves
the tensile strength but reduces the surface quality [24].
Research has also focussed on the effect of curing parameters
on the mould properties. Ref. [14] investigated the effects of cur-
ing temperature and time on the mechanical properties such as
strength and permeability of the sand moulds. These were pro-
duced using the ZCast 501 powder and Zb56 resin binder system.
The temperature was varied from 150◦ to 250 ◦C with a curing time
variation of 4–8h to characterise both the individual and combined
effects of these parameters on the compressive strength and per-
meability of the printed mould. Using a statistical design of the
experiment, a linear regression model with 99% conﬁdence level
was achieved. It was concluded that permeability increased with
the curing time, due to the loss of volatile components. However,
prolonged heating could have caused fusion of low melting tem-
perature phases and embrittlement of gypsum plaster leading to
reduced permeability and compressive strength respectively. The
optimum time and temperature are identiﬁed in Table 2. While the
study omitted the other characteristics of the printed mould such
as refractoriness, cohesiveness, and collapsibility, this research
sparked the interest to develop knowledge for the efﬁcient appli-
cation of the process to manufacture quality castings.
Another study attempted to optimise the temperature and time
for maximum compressive strength using cylindrical ZCast sam-
ples [25]. Compared to Ref. [14], however, the range of temperature
was 423–523K (150 − 250◦ C), and the compressive strength var-
ied from 6.2 − 2.4MPa. The study reported a negligible effect of
curing time on the strength and optimised the temperature. These
contradictory results call for more experimentation in this area.
Others have tried to optimise the curing cycle by considering
the casting defects due to off-gassing of volatile binder compo-
nents [26]. ZCast powder requires (8–9%) higher amounts of binder
compared to foundry sand (1.4%) due to its high surface area to vol-
ume ratio of the particles. Various curing cycles were performed to
properly eliminate the binder and the part cast into the resulting
moulds. A curing cycle of 316 ◦C for 1h was found to be optimum
with no visible defects and sufﬁcient mould strength.
Subsequently, Ref [27]. compared the strength and binder
burnout characteristics of the ExOneTM furan resin and sulphonic
acid catalyst system (3D printed)with commercially available sand
and binder systems (non-3D printed); to evaluate binder burnout,
the samples were subjected to curing cycles of 378–1173K (105 ◦C
to 900 ◦C) and it was reported that the ExOneTM printed specimens
had higher strength (1.3MPa), Figs. 3 and 4, due to the well-
controlled distribution of sand and binder. The printed specimens
also maintained their shape up to a higher burnout temperature
of 723K (450 ◦C). The 3D printed system even performed bet-
ter than the traditionally prepared sand mould using furan resin
and phenolic acid system in the aspects above. This study demon-
strates that printed moulds are superior in quality to traditionally
manufactured moulds and have lower and precisely controllable
binder content which leads to minimised gas generation and hence
improved castings. The ExOneTM company has also introduced a
new cold hardening phenolic binder system with improved prop-
erties and environmental beneﬁts, compared to the furan system
[28]. The factors affecting the properties of a 3D printed specimen
are schematically shown in Fig. 3.
Another important factor which inﬂuences the quality of the
cast metal parts is the heat absorbed by the mould and the thermal
gradient existing at themouldmetal interface. The thermal proper-
ties and binder degradation characteristics of 3Dprinted (furan and
phenolic systems) spherical cores using inverse Fourier Thermal
Analysis have been reported in Ref. [29]. The parameters evaluated
Table 2
Optimum curing time and temperature required for the ZcorpTM 3D printed mould, in addition to the printing time.
Ref. Property Time (hours) Temperature (K) Properties achieved under
various conditions
[14] Compressive Strength of ZCast501 powder (MPa) 5.5 446.14 ∼0.5–1.2
[14] Permeability (milli Darcy) 6.2 500.14 2200
[25] Compressive Strength (MPa) 4–6 423 6–6.9
[24] Maximum Flexural stress (MPa)of ZP102 3.83–7.33
[24] Maximum Tensile stress (MPa)of ZP102 1.99–3.562
Fig. 3. Factors inﬂuencing mould properties and a set of experimentally obtained/advertised properties of the 3D printed mould [17,18,22,27,30].
were the total and the fraction of heat absorbed, and the rate of
heat absorption under casting conditions of iron and aluminium.
Furan absorbed 30% more heat (283kJ/kg vs 221kJ/kg) and had a
higher rate of heat absorption, which was attributed to the differ-
ence in behaviour of the thermal degradation of the binder systems,
and the presence of higher water content in the phenolic system.
The furan system was found to perform better because of its better
cooling capacity, smoother and moderate degradation. This data
will be important to develop numerical simulations of the binder
degradation and heat distribution. The study is different in the way
that it considers the characteristics of the core which will help in
the better design of cores and study their effects on the internal
features of the cast part.
The dependence of the phenol-formaldehyde bonded mould
properties on the bed position, build orientation and density was
studied in Ref [23]. The dimensional accuracy, tensile strength,
compressive strength and rigidity at elevated temperatures were
measured. The researchers observed that the distribution of the
sand by the spreader/recoater inﬂuences the uniformity of the sand
deposited which in turn affects the various properties. The process,
however, showed good consistency over the 20day test period.
Parts obtained were of a slightly larger size due to the binder bleed.
Theyield stress in the tensile test, theminimumcrushstress and the
impact strength was found to be 1.75MPa, 5.86MPa and 1.74kPa
respectively. The samples debonded partially at the temperature of
450 ◦C and completely at 850 ◦C. These properties can be used by
Fig. 4. Comparison of tensile strength and compressive strengths obtained on the 3D printed specimens of sand, in the open literature [14,23,25–27,31,35].
Table 3
Surface roughness values obtained and average prediction error for various cast
alloys [36].
Metal Surface Roughness (m) Average Prediction Error (%)
Aluminium 6.46–7.11 10.6
Brass 10.91–11.76 2.43
Copper 10.72–12.08 3.12
designers to understand the capabilities of the process by appreci-
ating the ﬂexibility offered while providing properties comparable
to traditional processes.
Apart from the properties of the mould, it is also important to
study the effects of the mould on the produced castings. As stated
before, these can be due to the heat transfer characteristics at the
mould − metal interface and also due to the off gassing during
the binder degradation process. The heat transfer characteristics
affect the solidiﬁcation rate andconsequently the strengthandden-
sity of the cast part. The evolution of volatile components leads to
undesirable surface irregularities.
A study in [31] compared two 3DP powders; ViriCastTM and
ZCast to no bake foundry sand, based on their handleability and
the properties of the cast metal produced. Cylindrical specimens of
25.4mm diameter and 101.6mm long were cast out of A356 alloy
and tested for surface roughness, density, hardness, porosity, and
microstructure. The hardness and strength of the parts cast from
the 3D printed moulds were comparable to traditionally cast A356
alloy. However, it was mentioned that the heat treatment condi-
tions of the no bake and 3DP casts were different, and hence their
hardness and strength cannot be compared.While the nobake sand
had higher handleability and density of cast parts (marginally), the
porosity was much lower. On the other hand, the ZCast moulds had
a much greater surface roughness. It was concluded that the pow-
ders used for the 3Dprintingwere suitable to produce the cast parts
with similar characteristics as that of no bake sands.
The effect of volume of casting, pouring temperature and the
shell mould wall thickness on the surface roughness of produced
castings was identiﬁed in Ref. [32]. Mould of different volumes and
shell thicknesses were printed and used to cast aluminium, cop-
per and brass. The surface roughness was found highly dependent
on the pouring temperature (97.55% contribution) and then, on the
shellwall thickness (2% contribution). Thismay be attributed to the
decomposition of volatile substances at the mould-metal interface,
andhence thegasproducedmayhave inﬂuenced the surface rough-
nessof the cast part beyond theeffect of the sandparticle size. There
was no signiﬁcant effect due to the volume of the design. Another
study testedpartsmadeoutof split pattern shellsmadeby3Dprint-
ing [33]. These parts were compared to those produced by moulds
fabricated by investment casting. Themouldswith decreasing shell
thicknesswere printed to evaluate the effect of the thickness on the
casting, 3mm and 6mm were the optimum values found for ZA-
12 zinc alloy and A356 aluminium alloy. Compared to investment
casting, the 3D printed parts performed slightly worse regarding
surface roughness and hardness. This is due to the microstructure
which is inﬂuenced by the solidiﬁcation which in turn depends on
the ability of the mould to transfer the heat [34]. Another point of
view would be that a higher amount and/or non-uniform distribu-
tion of the binder around the sand particles within the 3D printed
mould; the binder sprayedby theprint headmaynotwet thewhole
surface of each sand particles and the distribution depends on the
viscosity of the binder and the speed of the chemical reaction. An
important conclusion to be drawn is that there is no ‘one size ﬁts
all’ approachwhich can be taken to optimising process parameters.
It depends on the size and shape of the part to be cast.
The mechanical and thermal properties of the moulds produced
using the ZCast mixture by the ZPrinter 310 Plus have been char-
acterised in [35]. These properties were then used to optimise the
mould wall thickness and to model the casting process. The tensile
strength of the parts has been measured by varying their thickness
and calcination duration. A thickness of 7mm after calcination was
found to be stronger than the manufacturer speciﬁed thickness,
of 15mm, allowing better economy in mould printing. The heat
transfer characteristics such as thermal diffusivity, heat capacity,
and thermal conductivity were determined and used to draw the
cooling curves of AK81. These have shown good convergence with
experimental cooling curves. This study has bridged the knowl-
edge gap regarding mould properties and is essential for process
modelling. However, more mould properties such as permeability,
density, and their correlation with thermal properties need to be
addressed.
A mathematical model has been developed using dimensional
analysis to predict the surface roughness of the castings based on
various parameters of the mould and casting process [36]. Moulds
of different thickness were cast with aluminium, copper and brass.
Polynomial equations ﬁtted for both experimental and predicted
data and had correlation factors close to 1. The surface roughness
was found to increase with a decrease in shell thickness. This was
attributed to the erosion of the mould wall due to a decrease in
the bonding strength of the part. Additionally, decreasing the wall
thickness was reported to have caused an increase in the grain
angularity, causing inter-granular voids which allowed for metal
penetration. The range of surface roughness values and the predic-
tion error are reported in Table 3.
A study on the effect of shell wall thickness, pouring tempera-
ture and density on the hardness of the cast parts for non-ferrous
alloys was performed [37]. Using response surface methodology, a
quadraticmodelwasdeveloped, establishing the correlation above.
The models were validated with Analysis of Variance method
with a 99.75% conﬁdence level. Formulation of such mathematical
relations is important for predictions without expensive experi-
mentation. The optimum values are reﬂected in Table 4.
To sum up the literature related to the mould and its properties,
and point out the gaps in the research before moving to the next
section to discuss the design capabilities and accuracy.
• The density and surface roughness of parts produced by the 3D
printed moulds is found to be poorer than those produced by
traditional sands in Ref. [31], though within acceptable limits
for sand casting. However, there have not been any efforts to
characterise the exact causes or identify parameterswhichmight
Table 4
Optimum properties for highest Vickers Hardness Number [37].
Metal/Alloy Vickers Hardness Number (VHN) Shell Wall Thickness (mm) Pouring Temperature (◦ C) Density (gm/cm3)
Al 98 5 790 2.8
Zn 56 5 432 7.1
Pb 8 6 330 10.2
Cu 98 6 1084 8.94
Brass 98 7 978 8.67
Bronze 115 6 1037 8.8
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improve the surface quality. The effect of the binder-catalyst con-
centrations should be explored in the future.
• Only a few studies have been aimed at the properties of 3D
printed cores [29]; it is important to characterise the effects of
the internal structures in the mould on the cast metal, especially
when the design does not allow for proper venting character-
istics. This will help identify the process capability for complex
internal geometry.
• Most works have focused on the (e.g. ZCast) printers which
use powder of plaster-ceramic composition.1 Other systems
using various sand (e.g. Chromite, Silica, Zircon, or Ceramic
Beads)−binder (furanorphenol)-catalyst systems (e.g., ExOneTM,
VoxeljetTM) may provide better properties, especially due to the
lower binder content than the earlier systembut not eco-friendly
compared to the previous. Work done on new material systems
is discussed later.
• Aluminium and its alloys have been the focus of most studies.
Work is lacking in the area of other wide range of liquidus point
alloys like steel or copper alloys.
• It is worth studying the effect of sand size, binder and activa-
tor content and printing speed as these parameters can heavily
inﬂuence the mould properties.
The studies are summarised, below, Table 5.
3. Design capability and accuracy
The 3DP process offers great ﬂexibility in the printing of the
mould by integrating the part to be manufactured with the cores,
gating and the risering system. It helps evade certain rules of tra-
ditional sand casting but imposes other rules due to limits of the
process as explained in [38]. The authors evaluate the capabil-
ity of the VoxelJetTM VX200 by printing a series of test parts of
canonical shapes. A set of guidelines has been established, such
as splitting the mould for quick assembly, incorporating position-
ing pads, mould cost dependence on the part volume (especially
height), and drilling vents to help with the release of gases. It was
foundmore suitable to adopt3Dprinting for complexgeometry and
use traditional means for simple shapes. However, these are gen-
eral guidelines expressed,mainly, in qualitative terms. Establishing
clear and detailed standards for the mould design, incorporating
weight reduction techniques for any speciﬁc part, is important.
Despite the ﬂexibility of the printing that allows for complex
mould production, the actual casting is dependent on the prop-
erties of the mould and is in some ways restricted by the casting
process. The fabrication of light weight metal cellular mesostruc-
tures was performed by the combination of 3D printing the part
and then casting the component [39]. Here the 3D printed com-
ponent was used as the core, while the mould was built around
it. Initial attempts made using the ZCorpTM’s Spectrum 510, failed
due to the high binder content of the mixture which led to voids
and defects due to the resultant off-gassing. The ExOneTM furan
binder system produced better results due to its low and control-
lable binder content. A356 alloy was cast at 1023K (750 ◦C), with
the gating designed to ﬁll the mould as quickly as possible to avoid
solidiﬁcationbefore completeﬁlling. Thepart producedwas easy to
extract from the mould and clean. Thus, homogeneous sandwiched
cellular structures were obtained. The authors mention that their
work demonstrates the ability of the product to create parts with
complex geometry and opens up avenues to cast parts developed
using topology optimisation and ﬂow modelling simulations.
1 50/50 of Olivine and calcium sulfate hydrate.[14]
Table 6
Summary of studies on the grades of dimensional tolerance.
Ref. Parameters varied Metal/Mould Tolerance grade
[41] Compare investment casting and ZCast process AlSi10Mg IT15-IT16
[25] Optimise curing time and temperature ZCast Mould IT15
[8] Shell Thickness Aluminum 356 IT13-IT16
[44–46] Shell Thickness Aluminum 333 IT14-IT15
[47] Shell Thickness Low brass 80 percent alloy IT11-IT14
Solder 20–80 lead alloy IT10-IT12
[48] Shell Thickness Zinc Alloy IT12-IT14
The capability of the process also helped researchers develop
moulds to study the performance of long, thin cores during the
metal casting process [40]. 3DP allowed the researchers to pre-
pare complex harp-shaped moulds, along with appropriate gating
systems to test whether the cores would be sufﬁciently strong to
maintain their shape and orientation during pouring and also to
observe whether the gases produced could be effectively vented
from the internal passages. The tubes were of wall thickness
1.54mm, internal diameters of 6.35mm–22.22mm and lengths
50.8mm–304.8mm.Aharp-shapedcore for eachdiameterwas fab-
ricated with internal vents for the casting. The authors point out
that such a complex shape with small dimensions would be tough
to fabricate by traditional means. Six tubes were created for each
diameter resulting in a total of 72 castings. Cores with a diameter
equal to or more than 9.5mm (0.375 in.) were robust enough to
prevent signiﬁcant deformation during the metal-casting.
To evaluate the application limits and feasibility of Rapid Cast-
ing processes on the basis of time, cost and dimensional tolerances,
a study was performed by casting technological prototypes with
starch-based investment casting and the ZCast selective jetting
process [41]. AISI 304 Steel was cast via the investment casting
technique, by 3D printing the pattern, followed by shell forma-
tion and then pattern evacuation at 1173K (900 ◦C). For the ZCast
process, simulations were performed using SOLIDCast
®
to deﬁne
the gating systems. The mould was then printed, cleaned, painted
and assembled followed by the pouring of the aluminium alloy.
The dimensions were then measured on a coordinate measuring
machine. These would include the errors introduced during STL
ﬁle generation, printing of moulds, mould treatment and assembly
and solidiﬁcation shrinkage. The tolerances evaluated as per the
guidelines of International Organization for Standardisation using
the International Tolerance (IT) grades [42]. The obtained tolerance
grades were in the range of IT 15–16.
In another study, ZCast rapid casting process was classiﬁed in
the IT 15 grade [25]. It was found that this grade is independent of
the applied heat treatment. Another study [8] conﬁrms the above
results by comparing the aluminium castings produced by invest-
ment casting and the ZCast process. The moulds were printed as
shells with sand backing during the casting for the ZCast process.
For the investment casting, expendable patterns were manufac-
tured, and the traditional process of shell formation and pattern
evaluation was applied. The dimensions were measured. The cal-
culated tolerance was in the range of IT 13–16 which is consistent
with casting operation values according to the ISO Standard UNI
EN 20286-I (1995). These studies indicated that the binder jetting
process for rapid casting could produce parts in short times, avoid-
ing tooling cost [43] with dimensional tolerances in the range of
traditional casting processes.
The authors in [44–46] attempt to optimise the wall thick-
ness to provide best accuracy and hardness of the casting. They
found that with a thickness of 5mm, the hardness improved by
3.8% while reducing cost and production time by 54.6% and 55.4%
respectively. The tolerance grades for the cast parts were between
IT14–IT15, consistent with casting requirements. Others [47] per-
formed a similar study for the casting of lead and brass alloys using
3D printing, claiming that to produce sound castings with mini-
mum wall thickness, pouring temperature, weight and density are
criticalparameters. The ITgradeswere reportedbetween IT10–IT12
for lead alloys and IT11-IT14 for brass alloys. Similarly, in Ref. [48],
the tolerance grades for Zinc alloyswere found to lie between IT12-
IT14 and the optimum thickness was found to be 3mm. These
studies on tolerance grades are summarised, Table 6.
From an industrial standpoint, the cost and the process capabil-
ity are important parameterswhichdeterminemarket penetration.
The cost-effectiveness of the 3DP process for sand moulding
depends on the part complexity and the volume of production
[49]. It believed that the cost per part for 3DP remains constant
irrespective of the complexity, compared to the exponentially ris-
ing cost of traditional manufacturing. The study compares two
cases by increasing the complexity of the mould by successively
adding cores. The complexity is estimated by an index, “Complex-
ity Factor”, which accounts for the various geometrical attributes
of the mould and core assembly [50]. The costs of manufactur-
ing were estimated and analysed as a function of the complexity
factor for both methods and breakeven points determined. The
study found that not only is the 3DP process cost effective for com-
plex geometries (even up to 1000 units) but also for low volumes
of production (45 units with minimal complexity). However, the
costs get amortised for high volumes of production in conven-
tional manufacturing, making it more affordable than 3DP. The
cost of 3DP is highly sensitive to the cost of materials and oper-
ation, which greatly affects the breakeven point. Thus, the increase
in the demand for the 3D printed powders can lead to a conse-
quent drop in price, improving the attractiveness of rapid casting
to the industry. Using a similar benchmarking process, authors in
[51] developed process chains to minimise costs and lead times.
These are optimised based on inﬂuencing factors such as produc-
tion scale, part size and complexity, and cast materials. The part’s
complexity is evaluated by examining it for internal and external
undercuts and the surface at the splitting line andﬁnally assigning a
complexity code based on this information. Finally, based on these
factors and the production priority i.e. shortest time or lowest cost,
the method helps one choose between direct metal casting, loose
pattern method, production intent casting or ﬁbreglass tooling.
Another study in the automotive industry was able to demon-
strate cost savingsof 50%and reduction in lead times from12weeks
to 3 weeks by using rapid casting technologies (RCT) [52]. RCT was
used to create tooling for manufacturing automotive seats. A set of
120 seats were produced with no loss in quality with an increase
in ﬂexibility of the process. The process allowed for quick modi-
ﬁcations in design, no design restrictions on moulds and near net
shape castings requiringminimal post-processing. The authors also
highlight howeachmould is designed and tested stringently to per-
form right at the ﬁrst time as it must be shipped to the foundries
and takes signiﬁcantly longer to print than traditionally mould.
Improper foundry conditions can cause moisture absorption in
moulds, which can cause signiﬁcant off-gassing. These can be com-
batted through proper mould drying and the introduction of gas
vents. There also arises the situation of a breakeven of traditional vs
Fig. 5. Combining topology optimization with rapid casting process.
printed moulds based on cost, time and complexity that a foundry
must consider before they adopt printed mould technology.
Industries have begun to exploit the use of 3DP in conjunction
with topology optimisation. A cast part in the woodworking indus-
try in Finland was redesigned for optimum material distribution
[53]. The risers and gating system were added and then casting
simulations were performed. After modiﬁcations to the design to
obtain satisfactory results, the part was cast to obtain weight sav-
ings up to 38%. The authors were even able to incorporate stainless
steel tubes for internal air channels in the mould before casting.
The process ﬂow is shown in Fig. 5.
The related open literatures are summed up, and the identiﬁed
gaps in the research for further study are pointed out below.
• It is important to establish better guidelines, procedures, and
standards for mould design to facilitate the removal of loose
sand particles and produce robust 3D printed sand moulds on
assembly. Due to the limitationof loose sandparts, closed cavities
cannot be produced, additionally all cavities must be accessible
to remove particles via vacuum and allow cleaning of the inner
surface.
• Study the capability of the process to produce parts with an
unconventional geometry such as those produced by topology
optimisation. The process can allow designers to work without
manufacturing restrictions allowing them to focus on designing
for the best performance.
• Apart from producing parts with complex geometry, the method
also allows for the integration of novel ﬁlling and optimised ris-
ering systems into the mould design, which are not possible by
conventional mould making process. Various casting simulation
packages can aid this process by ﬂow modelling simulations.
• Foundries must adopt a different mindset while using printed
moulds, by performing breakeven analysis and adapting a full
printed vs a hybrid approach. Large simple mould sections can be
made using the traditional approach while more complex parts
can be printed.
Now, let’s focus on the powders and binder systems used for the
production of 3D printed moulds and to discuss the challenges in
manufacturing such parts.
4. Material systems and the issues in the 3D printing
technology
As previously mentioned, the cost of 3DP highly depends on
the expense of the materials used and hence an effort to develop
the materials utilised for the process may signiﬁcantly enhance the
proﬁtability of theprocess and could enable itswidespreaduse. Ref.
[54], presented a review of the various steps required for the devel-
opment of new material systems about 3DP. These steps relate to
the selection of powder and binder, the formulation of the printing
liquid, the interaction of the deposited powder and the binder and
ﬁnally the post processing of the green part. Not only does thework
detail the properties required by the powder and binder for effec-
tive printing but also explain the various additives which can help
achieve these properties. While this study deals, primarily, with
ceramic and metal based 3DP, the insights from the review can be
applicable in the 3DP of sand moulds.
Sand used for printing requires it to be spread with a con-
stant density and height in machines envelopes of areas upto 2m2.
As such the sand requires good ﬂowability, ability to be com-
pacted easily and stability at rest. It also requires good permeability
to be used for casting purposes. Thus, development of alternate
sand-binder systems requires a very careful and methodological
approach. A detailed study has been conducted to evaluate the
suitability of regionally available resins, aggregates and additives
for printing with an aim of improving the economy, applications
and quality of rapid casting using furan [43]. 11 aggregates were
evaluated for their mechanical, physical and chemical properties.
The study determined the acceptability of printed moulds on the
mechanical strength and handleability, and showed that their sys-
tem was able to print a wide variety of materials with good casting
results. In the academic front, such research is required to break
the material restrictions imposed by manufacturers and study the
properties of variousmaterials to determine their suitability for the
replacement of manufacturer supplied material.
A sand-gypsumsubstitute for the ZCast 501or Zb56powderwas
developed and used to successfully cast aluminium, magnesium,
and iron [55]. X-ray phase analysis were performed to determine
the constituents of the powder. The effect of the concentration of
various modiﬁers such as Fe2(SO4)3 as a hardening accelerator and
dolomite meal as a moisture absorber were also studied. They also
obtained a composition for the substitute of the Zb56providing sat-
isfactory results. Another substitute for sand binder systems (SBS)
was developed by Ref. [20]. in the formof inorganic binders,wetted
by water and then ﬁnally cured. Unlike the furanic binder-catalyst
systems, in which the catalyst already wetted the sand, and then
binder was sprayed on the sand bed, the proposed system uses a
mix of quartz sand and dry sodium silicate powder which is wet-
tedbywater dispensedby theprinter head. This forms resin bridges
which are strengthenedbydehydrationusing an infrared (IR) torch.
The process parameters studied were concentration ratio and heat
input. The effects of these were assessed through quality features
such as the strength of specimens and ﬂuid migration (movement
of the binder into non-printed areas). Thermal activation using the
IR emitter reduced the ﬂuid migration to 24% from 34%. The study
found that increase in ﬂuid migration leads to higher mechani-
cal strength but poorer dimensional accuracy due to excess sand
adhesion. The experiments were conducted on a small number
of process conditions and limited properties were analysed. How-
ever, the work here is interesting as ﬂuid migration is a property
which is directly shown to affect the dimensional accuracy of the
part obtained and can be used as an important measure to eval-
uate new sand-binder systems. The authors plan to conduct more
investigationsbyvaryingmoreprocessparameters, analysingmore
properties and determining Young’s modulus and Poisson’s ratio.
Another study demonstrated a novel light-based curing system
for 3D printed sand moulds [56]. The authors have proposed a
hybrid rapid casting approach in which the 8mm thick layers of
resin-coated sand were bonded by using a light source, by heat
application to cause curing, followed by precision machining to
obtain the desired shapes. Tests were conducted to determine the
physical, chemical and mechanical properties including perme-
ability and castability of the produced mould specimens. Further
studies are required to evaluate the optimum layer thickness,
machining parameters and properties of produced castings by this
method.
Researchers alsoworked onmodifying the existing furan binder
mix to study its curing mechanism and change in thermal strength
[57]. The effects of modiﬁers such as sorbitol, polyester pylols,
phenol, and acetone were studied using thermal gravity analy-
sis. The authors use Differential Thermal Analysis to conclude that
dehydration polycondensation and ring opening reactions are the
dominating curing reactions. These result in a three-dimensional
structure which contributes to the resin strength. The effect of
the modiﬁers, except polyester polyol, is minimal on the thermal
strength. This strength improvedat temperatureshigher than823K
(550 ◦C), and derived a conclusion that the modiﬁed resin is a suit-
able candidate for core moulding.
Apart from the research in new materials for additively man-
ufactured moulds, there have been innovations in the powder
delivery and printing machines. VoxeljetTM revealed the world’s
ﬁrst continuous 3D printer at EuroMould 2012 [58,59]. The printer
uses a horizontal belt conveyor which is inclined at an angle less
than the angle of repose of the sand. After every layer, the conveyor
moves the entire ﬁll by one layer thickness towards the unloading
area. The main advantage of the process is the simultaneous part
printing and unloading. Also, the unused sand is directly returned
to the build zone post unpacking. In addition to the virtually unlim-
ited length of the mould produced, the process also promises faster
printing as positioning on an incline is faster. This process shows
great promise for mass production and may lead to better accep-
tance of the process across the market. A study on the dimensional
tolerance of casting produced using these moulds and design tech-
niques to produce long and narrow channels containing parts of
various casting alloys is essential.
To sum up the literature and the gaps in the research for further
study,
• Considering environmental, health and safety issues, the toxicity
of the furan resinmust be addressed. Newmaterial systemsmust
be developed for the rapid sand casting process.
• It is important to delve into the mechanics of ﬂow of binder
through thegranular sandmedia tounderstand thebonding char-
acteristics of the material systems.
• As more new binder-powder systems for 3D printed moulds
develop, it will become necessary to set standards for the proper
evaluation and testing of these moulds and subsequently the
parts produced by such moulds.
5. Conclusions and future perspectives
Innovativehybrid solutionshavenowcometo the forefrontwith
rapid developments in the additive manufacturing industry. The
suitability of 3DP to rapid sand casting applications has led to the
adoption of the process by large-scale manufacturers but it is still
a long way to go before its presence is ubiquitous in smaller scale
foundries. Nevertheless, it is still being utilised by these foundries
through build-to-order by large enterprises, for prototyping a new
design. Its relatively high initial investment, running and mate-
rial costs, and limitations on production volume have hindered its
rapid penetration into today’s markets. While it offers a signiﬁ-
cant advantage by way of mould complexity, the printing is much
slower than traditional moulding processes for large scale produc-
tion.Unless aﬁeldof 3Dprinters is employed, the slowspeedmakes
it unsuitable for large scale daily production. Additionally, there is,
for now, a limit on the size of the job-box, which requires one to
produce moulds in multiple parts which must then be assembled
together, and hence production of large castings become difﬁcult.
While theprocess isnotpoised tocompletely replace the traditional
moulding, by furthering research in this direction, the advantages
will soon be able to outweigh the limitations, enabling this tech-
nology to be universally accepted and utilised as a complement to
traditional moulding practices.
The cost of the currently available materials for sand 3DP can be
reduced with the demand in the near future as the research focus
in the ﬁeld and the number of newly released advanced 3D printers
are in the increasing trend. This demand is currently limited by the
high initial investment and running cost of the machines. Hence,
an improvement in materials for the rapid casting industry is vital
important for better acceptance of the process. Currently, material
supply is controlled by machine manufacturers and thus it is dif-
ﬁcult for academics to experiment with different materials and to
establish their properties. Research focus on developing newmate-
rials compatible with commercial systems will aid in development
of the process.
3D sand mould printing technology provides an excellent solu-
tion to the industry need, with minimal change to the current
casting industry; only the sand mould assembly is produced, and
the casting process will be the same based on the millenniums of
the knowledge base. It eliminates many of the design rules for sand
casting and still be the better option for rapid prototyping and even
comparable better technology than the direct metal printing tech-
nology when considering a large scale castable part design with a
variety of alloy material choice and optimised part design. It still
lacks the design knowledge to successfully and economically pro-
duce a very complex part with narrow and long channels in the
design, whereas the direct metal printing can easily be utilised at
the expense of time and money.
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